The nervous system and immune system are the main body sensory interfaces that perceive, integrate, and respond to environmental challenges. Both systems have the capacity to recall earlier challenges and events, mounting memory responses that anticipate and efficiently adapt to ever-changing conditions. Nervous and immune cell functions rely on cell-to-cell contacts and on soluble molecules that act on proximal or distant target cells. These communication molecules include cytokines, chemokines, neuropeptides, and neurotrophins (Ordovas- Montanes et al., 2015) . Neurotransmitters and their receptors are expressed by immune cells, and neurons can sense and influence immune pathways (Kioussis and Pachnis, 2009) , putting forward the intriguing hypothesis that functional neuro-immune interactions play an important role in tissue physiology. In line with this idea, the similarities between the nervous and immune systems give rise to the concept that these two systems may be evolutionary related through a common ancestral precursor or by independent evolutionary ancestors with the co-option of distinct genetic traits from each other (Arendt, 2008) . From an evolutionary angle, it is also likely that the concerted action of the immune and nervous systems may have ensured improved tissue, organ, and organismic integrity in health and disease.
Neuro-Immune Interactions during Hematopoiesis
Neuro-immune interactions can be traced back to the earliest steps of the immune system ontogeny. Immune cells are generated through hematopoiesis, a developmentally regulated cascade that gives rise to all blood cell lineages from quiescent hematopoietic stem cells (HSC). In adult life, this process occurs in the bone marrow, where sympathetic nerves are highly abundant and neuronal components contribute to the HSC niche Katayama et al., 2006; Yamazaki et al., 2011) . Sympathetic neuron-derived norepinephrine was shown to increase HSC mobilization into the blood, via regulation of CXCL12 expression in bone marrow mesenchymal stem cells (Katayama et al., 2006; Mé ndez-Ferrer et al., 2010) (Figure 1 ). These cellular and molecular signaling axes are further regulated by circadian rhythms and are of high relevance in the context of psychological stress (Heidt et al., 2014; Mé ndez-Ferrer et al., 2008) . Importantly, sympathetic neuropathy was shown to regulate myeloproliferative neoplasms, further highlighting the importance of nervous/mesenchymal/HSC interactions in health and disease . Schwann cells, which ensheath bone marrow nerves, were also shown to control HSC quiescence through activation of latent transforming growth factor b (TGF-b) (Yamazaki et al., 2011) , and neuron-derived catecholamines can directly control HSC mobilization (Spiegel et al., 2007) (Figure 1 ).
The anatomical and functional interactions between autonomic nerves and HSC gave rise to the concept that neurons and HSC may be co-regulated through similar signals. In agreement, the neurotrophic factor receptor RET was shown to drive HSC survival, expansion, and function (Fonseca-Pereira et al., 2014) . Hematopoietic-intrinsic ablation of Ret led to impaired HSC survival, reduced HSC numbers, and loss of stress response and reconstitution potential (Fonseca-Pereira et al., 2014) . RET signals provide mouse and human HSC with Bcl2 and Bcl2l1 survival cues, downstream of p38/MAP kinase and CREB activation (Fonseca-Pereira et al., 2014) (Figure 1 ). Thus, it is possible that neuronal activity might be regulated by blood progenitors through neurotrophic factor consumption in the HSC environment.
The Largest Lymphoid Tissue Meets the Second Brain
In addition to the crosstalk between sympathetic neurons and HSC, other striking parallels were established between the development of the enteric nervous system (ENS) and lymphoid organogenesis in the intestine. Notably, the neurotrophic factor receptor RET was shown to be critical to both Peyer's patches and nervous system development in the intestine (Patel et al., 2012; Schuchardt et al., 1994; Veiga-Fernandes et al., 2007) . Moreover, the development of lymphoid tissue inducer cells, an immune cell subset responsible for secondary lymphoid organ formation, strictly depends on cell-autonomous retinoic acid signals (van de Pavert et al., 2014 ) that could be provided by adjacent neurons (van de Pavert et al., 2009). While most anatomical constituents of the ENS form during embryogenesis, a post-natal neurogenesis and biogenesis wave occurs shortly after birth, which coincides with microbiota colonization, contact with dietary antigens, and development of fully mature enteric immune structures. It is therefore tempting to speculate that enteric neural networks might be shaped by either microbialor dietary-signal-induced immune milieu.
In general, tissue-associated neurons are classified as intrinsic (cell bodies that lie within the tissue) versus extrinsic (cell bodies that lie outside of the tissue, including the sympathetic and the parasympathetic autonomic nervous system) (Furness et al., 1999) . In adulthood, the intestine harbors the largest lymphoid cell compartment in the body, but it also contains what has been coined as the ''second brain,'' a neuronal network with as many neurons as the spinal cord (Gershon, 2010) . Enteric-associated neurons (EAN) include an extensive and diffuse network of millions of sensory neurons, interneurons, and motor neurons, which control a variety of functions within the gastrointestinal (GI) tract (Mayer, 2011) (Figure 2 ). The intrinsic neural ganglia within the intestine (also known as the enteric nervous system) are organized in several plexuses throughout the intestinal wall: the myenteric (or Auerbach's plexus, between the circular and longitudinal muscle layer) and submucosal (or Meissner's plexus, in the submucosa) plexuses. Both areas are relatively poor in terms of diversity of immune cells, although macrophages accumulate in large numbers (Bogunovic et al., 2009) and mast cells are reported to surround nerve terminals (Schemann and Camilleri, 2013) . Although EAN express a diverse set of neurotransmitters, the exact physiological relevance of many of these molecules in the gut remains unclear.
The mucosal layer also harbors nerve and glial cell networks known as the mucosal plexus (Nijhuis et al., 2010; Van Landeghem et al., 2011) , including nerve endings that are potentially in contact with mucosal immune cells, highly concentrated in this layer. In contrast to enteric neurons that are found within enteric ganglia, enteric glial cells, which outnumber enteric neurons (Furness, 2008) , are also found in interganglionic regions, within the smooth muscle layers and the intestinal lamina propria. Enteric glial cells express several markers, including p75, Sox-10, GFAP, and S100b (Boesmans et al., 2015) , and using flow cytometry analysis, glial cells fall into a population of CD45 Earlier observations highlighted the functional importance of glial cells in mucosal protection. It was found that, in the inflamed ileum of Crohn's disease patients, glial cells express MHC-II, suggesting a possible role for these cells in neuro-immune interactions (Geboes et al., 1992; Koretz et al., 1987) . Additionally, ablation of enteric glial cells led to fulminant jejunoileitis with consequent loss of gut integrity but through a mechanism that still remains elusive (Bush et al., 1998; Cornet et al., 2001) . While a complex and dense network of glial cells is present in the mucosal layer (Liu et al., 2013; Neunlist et al., 2013; Wedel et al., 1999) , where most enteric immune cells locate, very little is known on the relevance of glial-immune cell interactions in the intestinal tract.
In addition to the enteric nervous system, the central nervous system communicates with the intestine through the extrinsic innervation and the hypothalamic pituitary adrenal axis (HPA), forming what has been coined the ''gut-brain axis.'' The vagus represents the main extrinsic parasympathetic nerve connecting the brainstem to the gut. Vagal preganglionic fibers emerge from motor neurons in the dorsal nucleus of the vagus nerve and establish connections with postganglionic neurons in the intestinal myenteric plexus of the mid gut (Figure 2) . Interestingly, while the proximal colon is innervated by the vagus nerve, the distal colon parasympathetic innervation originates from sacral spinal nerves (Willemze et al., 2015) . Altogether, these inputs modulate several aspects of intestinal physiology through stimulation of the HPA axis and secretion of neuropeptides. Adding to the intricate nature of these neuronal networks, different neuropeptides often co-localize in the same neurons and regulate similar functions, activating similar or identical pathways (Shepherd et al., 2005) .
Revisiting Neuro-Immune Interactions
Major pitfalls in the study of neuro-immune interactions include the use of static imaging analysis, which provides poor insight into spatio-temporal dynamics, the lack of deep-tissue imaging technologies, and limited in vitro approaches. Moreover, lack of specific driver lines targeting discrete immune cell subsets and local or peripheral neurons has hindered faster progress in the understanding of neuro-immune interactions. Nevertheless, over the last decade, some of these technical obstacles have been partly surmounted, shedding light on novel aspects of barrier tissue physiology (Table 1) .
Isolation of immune cells by flow cytometry followed by gene expression or protein analysis throughout development allowed a detailed classification of immune cell lineages and subsets. However, in-depth characterization of specific neuronal subtypes at barrier surfaces has been hampered by the difficulty of isolating intact neurons for functional or gene expression analysis. In the past few years, the development of translating ribosome affinity purification-based profiling techniques helped to map and better define circuitry and the identity of CNS neurons (Schmidt et al., 2013) . Strains containing modified tagged ribosomal constructs, such as BacTRAP and RiboTag, associated with lineage-specific Cre-based approaches, have allowed further expansion of sorting-independent analyses of cell populations through affinity-tagged purification, enabling the identification of actively translated ribosome-bound mRNAs in cells from intact tissues (Sanz et al., 2009) , including peripheral neurons populating barrier surfaces, such as the intestine (Gabanyi et al., 2016) .
Advances in intravital multiphoton microscopy (IVM) allowed simultaneous neuronal and immune cell visualization in vivo with minimal manipulation (Koenigsknecht-Talboo et al., 2008; Kong et al., 2015) . Recent studies merged novel imaging and functional assays in a cell-specific manner in vivo, thus associating in vivo imaging of neuron cell dynamics, activity, and synaptic tracing in health and disease. These technologies, including mouse strains carrying genetically encoded Credependent calcium indicator (GCaMPs) (Zariwala et al., 2012) , can now be employed to define the patterns of neuronal firing in the steady-state barrier surfaces and upon microbial stimuli (Gabanyi et al., 2016) . Nevertheless, how additional mucosal aggressions may affect neuronal firing remains to be determined.
Additionally, groundbreaking improvements in tissue-clearing techniques, associated with high-resolution light-sheet microscopy, have allowed three-dimensional (3D) analysis of cellular networks in intact tissues Ertü rk et al., 2012; Renier et al., 2014; Tainaka et al., 2014; Tomer et al., 2014) . In particular, the combination of enhanced techniques to improve tissue optical transparency while preserving the fluorescence of gene reporters (or associating it with immune-labeling tools) will allow the visualization of neuro-immune circuits at cellular resolution (reviewed by Richardson and Lichtman, 2015) . For instance, the CLARITY technique allowed the identification of a bilaterally connected neuronal system with dendrites that embrace the dorsal columns in the mouse spinal cord (Zhang et al., 2014) . Additionally, immunolabeling-enabled 3D imaging of solvent-cleared organs (iDISCO) (Renier et al., 2014 ) revealed a deep-tissue, 3D view of EAN distribution within the intact intestinal tissue and provided insights into neuronal networks innervating areas where macrophages are abundant (Gabanyi et al., 2016) . Furthermore, recent faster scanning technology, made possible by extended depth of view of light-sheet microscopy, will likely bring whole-tissue imaging even further into subcellular resolution of larger mammalian tissues, with the exciting possibility of simultaneously analyzing Ca 2+ signaling, thus allowing the analysis of structure and function of deep-tissue neurons (Tomer et al., 2015) .
Another important tool developed to influence neuronal activation is the DREADD technology, a chemical-genetic approach to enhance or decrease neuronal firing potential noninvasively through a G-protein-coupled receptor (GPCR) (Alexander et al., 2009) . Conditional intersectional genetics permits the selective manipulation of designer receptors exclusively activated by designer drugs (DREADDs). Notably, activation of the expression of the synthetic receptor G q -coupled stimulatory human M3 muscarinic DREADD (hM3Dq) or inhibitory human M4 muscarinic DREADD (hM4Di) can be temporally controlled by the timing of clozapine-N-oxide (CNO) administration. An alternative to DREADD systems, currently widely used to modulate neuronal activity in vivo, is optogenetics (Prakash et al., 2012) . By introducing microbial opsin genes into neurons to regulate firing potential, current optogenetic approaches include both gain-and Gabanyi et al., 2016; Renier et al., 2014; Tainaka et al., 2014; Tomer et al., 2014 Tomer et al., , 2015 Zhang et al., 2014 intravital multi-photon microscopy visualize neuro-immune cell dynamics and activation patterns in vivo anesthesia and manipulation may interfere with firing patterns; difficult access of several mucosal sites Gabanyi et al., 2016; KoenigsknechtTalboo et al., 2008; Kong et al., 2015; Zariwala et al., 2012 In vivo manipulation tools DREADD stimulate or inhibit neurons upon exposure to synthetic GPCRs requires neuronal-type (and location) specificity to avoid off-target (e.g., CNS) effects loss-of-function strategies, based on a diverse set of mouse strains or on in situ delivery of adeno-associated virus (AAV) expressing channelrhodopsin-2 (ChR2) (activating), archaerhodopsin (Arch) (inhibitory), or additional probes to manipulate neuronal activation with a millisecond precision (Emiliani et al., 2015) . Although these approaches were utilized for manipulation of neurons at barrier sites, efforts to modulate neuro-immune interactions by light have been limited. Nevertheless, the current optogenetic toolbox can provide sophisticated, cell-specific, and spatially precise intervention strategies for barrier sites. Finally, recent progress in derivation of mammalian pluripotent stem (PS) cells into differentiated tissue cells (Takahashi and Yamanaka, 2006) has opened yet another window of opportunity for studies interrogating cellular and molecular mechanisms of neuro-immune interactions. Specific culture conditions allowed iPS cell differentiation toward functional enteric neurons capable of rescuing mice that would otherwise develop Hirschsprung's disease or congenital intestinal aganglionosis (Fattahi et al., 2016) , which is caused by defects in enteric innervation. Interestingly, severe enteric inflammation is frequently observed in Hirschsprung's disease patients (Harrington et al., 2005) , but it remains to be defined whether these are due to intrinsic immune defects or are secondary to enteric neuron-motility dysfunction. Recent advances in this technology include 3D tissue organoids with an intricate array of cell types (Sato et al., 2009; Spence et al., 2011) , raising the possibility that, in the near future, iPSderived EANs, as well as immune, muscle, neuron, and glia cells will allow complex in vitro organoid setups. For instance, neurons isolated from the myenteric plexus of adult mice could give rise to neurospheres that might be possibly used in combination with epithelial mini-gut organoids (Grundmann et al., 2015; Sato et al., 2009 ). The multi-tissue organoids will be extremely useful in deciphering functional aspects of central and peripheral neurons and how these cells respond to environment cues or modulate neighboring cells and vice versa.
Neuro-Immune Sensing at Barrier Surfaces
Sensing is a property routinely ascribed to both immune and nervous systems, although it implies structurally different processes such as immune recognition of pathogens versus nociceptive neurons sensing a potentially damaging perturbation. In the communication between neural and immune cells, complementary types of sensing may take place at barrier surfaces. Immune cells, particularly innate immune cells, utilize several different mechanisms of sensing infectious agents and other potentially pathogenic perturbations, including pathogen recognition receptors, which sense pathogen-associated molecular patterns (PAMPs), such as LPS and CpG. But they also sense molecules associated with sterile inflammation and tissue damage, also known as damage-associated molecular patterns (DAMPs), such as HMGB1 and heat-shock proteins (Iwasaki and Medzhitov, 2015) . Several antigen-presenting cells, such as skin Langerhans cells and intestinal CX 3 CR1 mononuclear phagocytes and CD103 pos epithelial dendritic cells, are located at the interface between the body and the antigen-rich environmental and can serve as initial sensors of epithelial insults (Farache et al., 2013; Iwasaki and Medzhitov, 2015; Mazzini et al., 2014) . Furthermore, epithelial cells, also considered part of innate immunity, are known to express multiple PAMPs and other immune receptors (Iwasaki and Medzhitov, 2015) . Epithelial cells can sense microorganisms as well as stress or damaged tissues and communicate to neighboring cells, which include neurons or neuronal processes. Among epithelial cells, enteroendocrine or enterochromaffin cells (ECs) are also able to produce several hormones, neurotransmitters, and peptides, including Glucagon-related peptides (GLPs), peptide YY, gastric inhibitory polypeptide (GIP), and the majority of the body's serotonin (Gershon, 2010) . The production of secreted molecules by ECs largely influences immune cells located in the epithelial and lamina propria compartments. ECs also affect fibers innervating the mucosal regions, activating a circuit that modulates gut motility (Bulbring and Crema, 1959) as well as CNS function. Conversely, pulmonary neuroendocrine cells (PNECs), directly exposed to large quantities of airborne antigens, were recently shown to trigger lung immune cell activation via secretion of neuropeptides (Branchfield et al., 2016) . PNECs, as well as eosinophils induced during allergic responses, co-localize with airway innervation (Costello et al., 1997; Kuo and Krasnow, 2015) . Thus, it is likely that PNECs and eosinophils influence neuronal sensing during airway challenges, analogous to what is thought to operate in the intestine. In line with this idea, it was found that eosinophil-derived granule proteins stimulate vagal pulmonary C fibers, and release of substance P and CGRP can promote eosinophil chemotaxis (Lee et al., 2001; Numao and Agrawal, 1992) . In contrast to the airway and intestinal mucosa, much less is known of neuro-immune-sensing circuits in the genital tract. Studies on herpes simplex virus (HSV), a neurotropic virus that infects the majority of human population, have shown that, after skin or mucosal epithelial cell infection, HSV invades sensory neurons and follows retrograde axonal transport to reach the sensory ganglia, persisting as latent infection with occasional reactivation, which leads to anterograde transport to mucosal sites and inflammation (Shin and Iwasaki, 2013) . Cytosolic HSV DNA sensing by epithelial cells initiates an immune cascade involved in resistance to neuronal invasion and damage (Royer and Carr, 2015) . Nevertheless, the afferent and efferent components of this circuit remain to be determined.
The secretory function of specialized epithelial cells appears to be largely influenced by the particular barrier environment. For instance, spore-forming bacteria-derived metabolites, observed in the steady-state intestine, were shown to promote serotonin synthesis by colonic ECs (Yano et al., 2015) . Additionally, a recent study that performed human microbiota transplant into germ-free mice concluded that dietary composition influences enteric neuronal activity and gut motility via the modulation of the microbiota, although a role of ECs in this process was not examined (Dey et al., 2015) . High-resolution microscopy and ECs reporter strains revealed a direct contact between cytoplasmic projections (neuropods) of intestinal ECs and neurons innervating the small intestine and colon (Bohó rquez et al., 2015) . Another example of this communication was described in the skin, where the epithelial cell-derived cytokine thymic stromal lymphopoietin (TSLP) mediates the activation of skin nociceptive afferent sensory neurons via the transient receptor potential cation channel, subfamily A, member 1 (TRPA-1), promoting itch (Wilson et al., 2013) . The constitutive expression of TSLP receptors in sensory neurons, associated with the upregulation of this cytokine during the course of allergic responses (Wilson et al., 2013) , reinforces the role of epithelial cells in communicating environmental perturbations to surrounding neurons. Therefore, in addition to functioning as biosensors to nutrients and bacterial metabolites, epithelial cells can mediate a cascade of functional responses, including chemosensing, regulation of motility and food intake, and energy homeostasis (Furness et al., 2013) .
In addition, direct neuronal sensing of environmental alarms has been proposed at barrier sites in mammals. In the airways, nociceptive neurons can directly sense bacterial-derived N-formylated peptides or toxins, inducing pain, a process thought to negatively regulate inflammation (Chiu et al., 2013) . Expression of Toll-like receptors (TLRs) by sensory neurons has also been shown (Liu et al., 2010) . In addition to the TSLP pathway described above, activation of TLR7 in nociceptive neurons in the skin was also shown to induce itch, although it appeared dispensable for neuropathic pain, which required both TLR7 and TRPA1-derived signals (Liu et al., 2010; Park et al., 2014) . Enteric neurons were proposed to express PRRs, including TLR2 or TLR4, which could directly or indirectly aid the activation of nociceptive-associated ion channels (Anitha et al., 2012; Barajon et al., 2009; Meseguer et al., 2014) . Similarly, enteric glial cells were also shown to express TLR2, TLR3, TLR4, and TLR7 (Barajon et al., 2009; Brun et al., 2013; Brun et al., 2015; Rumio et al., 2006) . However, studies utilizing cell-specific transcriptomics tools and precise, lineage-specific intersectional genetics are still required to further define these sensing circuits and how they influence inflammatory or neuronal cells at local and distal sites. Nevertheless, direct neuronal sensing of environmental alarm signals has been reported in worms, which suggests that this pathway is evolutionary conserved. TOL-1, the sole TLR-related molecule found in C. elegans, was found to be involved in CO 2 sensing by chemosensory neurons (Brandt and Ringstad, 2015) . Of relevance, detection of microbial respiration by sensory neurons in worms results in pathogen avoidance behavior (Brandt and Ringstad, 2015; Pujol et al., 2001) , another parallel with the mammalian system, discussed below.
Neuro-Immune Interactions in Health and Disease
Multidirectional functional consequences of neuro-immune interactions have been appreciated for decades (Besedovsky et al., 1983; Stead et al., 1987) , with emphasis given to stressmediated alterations in immune responses and, conversely, cytokine-mediated alterations in CNS, including animal behavior and brain activity (Matsunaga et al., 2011; Serrats et al., 2010) . As an example, efferent vagal nerve signals were shown to attenuate macrophage activity, leading to anti-inflammatory responses in the intestine (de Jonge et al., 2005; Rosas-Ballina et al., 2011; Wang et al., 2003) . More recently, additional reports have incorporated the barrier surfaces as a source for perturbations observed in the CNS, adding complexity to these earlier findings.
The gut microbiota was proposed to play an important role in autism spectrum disorders (ASD). Colonization with indigenous species of the gut microbiota partially rescued defects in anxiety-like and sensorimotor behaviors in offspring of mice subjected to the maternal-induced activation (MIA) model, in which synthetic dsRNA [poly(I:C)] administration to pregnant mice results in ASD symptoms in the progeny (Hsiao et al., 2013) . More recently, MIA offspring behavioral defects were linked to elevated levels of the maternal cytokine IL-17A in the fetal brain, which correlated with abnormal cortical development and ASD-like behavioral abnormalities, including defects in ultrasonic vocalization responses, social interactions, and repetitive/ perseverative behaviors (Choi et al., 2016) . Therefore, cytokines produced in response to gut microbes can reach the CNS, affecting brain development and animal behavior.
Intestinal glial cell development relies on a mature microbiota (Kabouridis et al., 2015) , and glial cells have been reported to sense microbial products through TLR molecules (Barajon et al., 2009; Brun et al., 2013 Brun et al., , 2015 Rumio et al., 2006) . Activation of glial cells by pathogens leads to S-100b activation and induction of NO synthase (iNOS) (Sharkey, 2015) . Interestingly, S-100b regulation of iNOS activity has been shown in ulcerative colitis and celiac disease (Cirillo et al., 2009 (Cirillo et al., , 2011 Esposito et al., 2007) , and increased iNOS activity may lead to disrupted barrier function (Xiao et al., 2011) . Altogether, these data indicate that the intestinal neuroglia may sense microbial products and pathogenic insults, but whether and how glial-derived signals modulate immune cell functions in the intestine remains elusive.
Sensing of immunogenic stimuli, including helminthic infection, noxious xenobiotics, venoms, and irritants, during allergic responses at barrier sites can also lead to local and systemic behavior responses (discussed in Palm et al., 2012) . Noradrenergic neurotransmitter nerves can directly inhibit NKT cell function, which contributes to systemic immunosuppression (Wong et al., 2011) . Nociceptive neurons initiate ''protective reflexes,'' which during airway and gastrointestinal allergic responses are associated with coughing and bronchoconstriction or nausea, diarrhea, and vomiting, respectively. The T H 2 cytokine IL-5 was shown to activate lung nociceptive neurons, which, in turn, secrete vasoactive intestinal peptide (VIP) to activate innate lymphoid cells and lymphocytes associated with the development of airway allergic responses (Talbot et al., 2015) . Similarly, airway parasympathetic neuron-derived eotaxin induces eosinophil migration toward airway nerves in a CCR3-dependent manner (Fryer et al., 2006) . Reciprocally, depletion or inhibition of nociceptive neurons in the airways prevents the development of airway allergic responses (Talbot et al., 2015) . Sensory neurons were also shown to modulate innate and adaptive immunity in several other pathologies, including allergy, psoriasis, rheumatoid arthritis, and colitis (Caceres et al., 2009; Engel et al., 2011; Levine et al., 1984; Ostrowski et al., 2011) . An interesting yet relatively unexplored phenomenon is food aversion induced by the oral exposure to an allergen, which results in an IgE-dependent activation of specific brain regions related to anxiety and avoidance behavior (Basso et al., 2003; Cara et al., 1994) . Avoidance behavior can also be induced upon airway exposure to antigens, albeit in this case the aversion is directed toward the environment containing the antigen (Costa-Pinto et al., 2005) . In both cases, release of soluble factors upon antigen contact to IgE-bound mast cells appears to mediate local activation of C-sensitive fibers (Basso et al., 2003; Costa-Pinto et al., 2005) .
The association between mast cells and neurons has been described in the skin and mucosal sites, particularly in the intestinal submucosal and myenteric plexuses (Stead et al., 1987 (Stead et al., , 1989 van Diest et al., 2012) . The privileged location of mast cells is coupled to their capacity to quickly release pre-formed and de novo synthesized mediators such as histamine, serotonin, TNF-a, and tryptase, known to modulate both inflammatory responses and neuronal activation (van Diest et al., 2012) . Furthermore, the mast cell's ability to respond to environmental cues derived of immune cells, such as bound IgE-mediated degranulation, as well of neurons, such as to substance P and corticotropin releasing factor (CRH), strongly suggests a key role for mast cells in the communication between the nervous and immune systems (van Diest et al., 2012) . Whether signals from mast cells utilize vagal innervation or dorsal root ganglia to communicate enteric signals to the CNS is not entirely clear. Additionally, the exact cellular and molecular mechanisms of this circuitry remain to be determined. Nevertheless, the fact that some of the molecules involved in mast-cell-neuron interaction are co-opted to sense environmental alarms, such as noxious substances, capsaicin, and lipids (found both in allergens and in parasites), suggests a conserved mechanism of neuro-immune interaction to regulate behavior. Indeed, an analogous mechanism of avoidance to prevent the ingestion of pathogenic substances occurs in worms, which utilize a direct neuronal chemosensory mechanism to detect bacterial metabolites or carbon dioxide, inducing avoidance (Brandt and Ringstad, 2015; Meisel et al., 2014) . Conversely, non-neuronal serotonergic responses induced during cellular stress are sufficient to trigger neuronal-dependent avoidance in worms (Melo and Ruvkun, 2012) . These parallel observations in worms and mammals suggest that microbes or noxious agents that disrupt core cellular functions can trigger a remarkably conserved surveillance mechanism that synchronizes various inputs to accordingly modulate organism behavior (Palm et al., 2012) .
In addition to mast-cell-neuron structural proximity and functional interactions, recent studies suggest that barrier tissue resident macrophages also establish bi-directional functional interactions with neurons. Macrophages located at the muscularis (MMs) region of the intestine directly regulate the activity of enteric neurons and peristalsis via secretion of BMP-2 in a microbiota-dependent manner (Muller et al., 2014) . Conversely, IVM recordings suggested that stellate-shaped MMs, which surround ganglia and neuronal cell bodies, are able to sense neuronal signals (Gabanyi et al., 2016) . Indeed, microbiota colonization correlated with the expression of CSF-1 by enteric neurons juxtaposed to CSF-1R pos MMs (Balmer et al., 2014) . Additionally, activation of extrinsic sympathetic ganglia by enteric bacterial infection was shown to modulate adrenergic b2R pos MMs polarization toward tissue-protective gene expression (Gabanyi et al., 2016) . Although neither the sensing circuit of these pathways nor its downstream consequences are yet elucidated, the proximity of macrophages expressing a tissue-protective program to neurons may have important implications for infection-or inflammation-induced tissue damage disease tolerance , perhaps representing an analogous activity to that described for microglia in the CNS: protecting closely associated neuronal processes (Davalos et al., 2005; El Khoury et al., 2007; Nimmerjahn et al., 2005; Wang et al., 2015) . Whether this pathway is represented at additional barrier surfaces and, like mast cells, whether tissue macrophages play a role in modulating distal CNS activity or behavior remains to be determined.
Perspectives
While it has been clearly established that lymphocytes compete with their peers for limited resources (Freitas and Rocha, 2000) , it remains unclear whether neuro-immune interactions might be also co-regulated by competition for commonly used resources. As an example, HSCs have been shown to be direct and indirect targets of neuroregulatory molecules (FonsecaPereira et al., 2014; Isern et al., 2014; Katayama et al., 2006; Yamazaki et al., 2011) ; whether consumption of neuromediators and neurotrophins in the HSC environment shape neuronal or immune cell fates remains to be explored. Similarly, neurons and immune cells at barrier surfaces might share common niches where competition for specific resources may shape each cell type fate.
Dissection of the micro-anatomical confinement of enteric glia revealed a dense network of mucosal glial cells that largely outnumbers neurons (Liu et al., 2013; Neunlist et al., 2013; Wedel et al., 1999) . The mucosal lamina propria also harbors large numbers of lymphocytes, notably innate lymphoid cells and adaptive B and T cells. In addition, the increasing evidence demonstrating micro-environmental sensing properties of glial cells puts forward the hypothesis of functional glial-immune cell interactions at the intestinal mucosa. Similarly, how intricate and closely associated networks of neuronal, immune, and glia cells integrate endogenous and exogenous perturbations during physiology and disease conditions, regulating each other's activity, constitutes a yet unresolved question.
The emergent evidence for micro-anatomical and functional neuro-immune units has not been fully complemented by mechanistic, physiological, and pathological insights. Recent progress in iPS technology and epithelial and glial tissue engineering will most certainly generate complex ''multi-tissue'' organoid setups allowing for the study of mechanistical aspects of neuro/glial/immune interactions. Despite the notable technological and conceptual advances in discrete neuro-immune interactions, a deeper understanding of the physiology of system interactions at the organism level is still lacking. In this regard, tissue-clearing and novel imaging techniques may pave the way for future understanding of organismic neuro-immune circuits Ertü rk et al., 2012; Renier et al., 2014; Tainaka et al., 2014; Tomer et al., 2014) . Notably, in the context of the establishment of tissue homeostasis following injuries, including infection, obesity, dietary insults, or xenobiotic aggressions.
In conclusion, over the past decade, we have witnessed the transforming power of new tools in deciphering neuro-immune physiology. Tissue-specific genetic targeting, novel sequencing approaches, and groundbreaking imaging tools revealed unappreciated functional and mechanistic consequences of neuroimmune interactions. The technology step change of ''neuroimmune 2.0'' has just started, and we can certainly anticipate that new tools will allow for the discovery of new anatomical and functional bases for neuro-immune units at an organismic level in health and disease. et al. (2011) . TRPA1 and substance P mediate colitis in mice. Gastroenterology 141, 1346-1358.
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